Introduction
============

Myotonic dystrophy type 1 (DM1) is the most common muscular dystrophy in adults[@R1] and at present has no effective therapy for its treatment. This autosomal dominant disorder results from the expansion of CTG repeats in the 3′UTR of the *DMPK* gene, and its pathogenesis is mediated by the mutant transcript. *DMPK* transcripts containing expanded CUG repeats (CUGexp) become arrested in the nucleus and form multiple discrete inclusions, and their toxic effects are mediated through at least two RNA binding proteins: muscleblind-like 1 (MBNL1) and CUG repeat binding protein 1 (CUGBP1). Altered activity of these two antagonistic regulators of alternative splicing results from the titration of MBNL1 by the expanded CUG repeat foci and hyperphosphorylation of CUGBP1, which leads to its increased steady-state levels as shown in DM1 myoblasts, skeletal muscle, and heart tissues.[@R2]^--^[@R5] Loss of MBNL1 and a gain of CUGBP1 function result in a misregulated splicing pattern of several pre-mRNAs, including chloride channel (*CLCN*), insulin 66 receptor (*INSR*), cardiac troponin T (*TNNT2*), and sarcoplasmic/endoplasmic reticulum Ca^2+^ ATPase 1 (*SERCA1*),[@R6]^--^[@R9] and the expression of embryonic alternative splicing isoforms predominates in adult DM1 tissues.

CUGBP1 and MBNL1 are multifunctional proteins that regulate alternative splicing and also contribute to mRNA translation and RNA stability,[@R10]^--^[@R12] miRNA biogenesis,[@R13]^,^[@R14] protein secretion, and localization of alternative 3′UTR isoforms.[@R12] Their altered activity in DM1 cells is correlated with different kinase signaling pathways. Experimental evidences have shown that CUGBP1 can be phosphorylated at different sites by various protein kinases, such as cyclin-dependent kinases (CDKs), glycogen synthase kinase 3β (GSK3β), protein kinase AKT, and protein kinase C (PKC),[@R15]^--^[@R18] and their unspecific activation has been reported in DM1 cells.[@R16]^--^[@R18] Interestingly, as PKC activation results in CUGBP1 hyperphosphorylation in DM1, utilization of PKC-specific inhibitors Bis-1, Bis-IX, and Ro-31-8220 has been shown to block CUGBP1 upregulation in cellular models[@R18] and the heart-specific mouse model of the disease.[@R19] This underscores the notion that targeting protein kinases may be beneficial for alleviating molecular hallmarks of DM1 because expression of mutant *DMPK* transcripts can disrupt normal signaling pathways, leading to unspecific activation of protein kinases. Additional evidence of altered kinase signaling pathways in DM1 cells came from the most recent report by Botta and colleagues,[@R20] which highlighted the unspecific activation of Src family kinases (SFK) by overexpression and nuclear localization of the protein products of *MBNL1* transcripts containing exon 5 (MBNL1~42-43~). In vitro assays showed that MBNL1~42-43~binds the Src-homology 3 domain of Src family kinases via proline-rich motifs, enhancing the SFK activity. Importantly, MBNL1~42-43~downregulation by specific short interfering RNA (siRNA) resulted in decreased levels of tyrosine-phosphorylated proteins and an improved splicing pattern of *MBNL1* exon 5. This suggests an additional pathomechanism in DM1 based on an altered phosphotyrosine signaling pathway, which may be a novel therapeutic target.

Thus far, efforts to develop DM1 therapeutics have focused on drugs targeting RNA by destroying toxic CUGexp RNA and/or inhibiting its pathogenic interactions with nuclear proteins (reviewed in ref. [@R21]). The antisense technology that utilizes morpholino CAG-25 oligonucleotides,[@R22]^,^[@R23] other chemically modified CAG repeat antisense oligonucleotides,[@R24]^,^[@R25] and synthetic siRNAs to target CUG repeats[@R26] appears to be effective in DM1 cells and mouse models of the disease. Additionally, viral vector-mediated expression of hU7-snRNA-(CAG) has shown to be beneficial in DM1 myoblasts.[@R27] Also, several bioactive small molecules that are CUG repeat binders have been reported as potential therapeutic agents for DM1 and are able to inhibit the interactions between expanded CUG RNA and MBNL1 protein.[@R28]^--^[@R33] Ongoing efforts to develop novel therapeutic small-molecule candidates are critical in the search for an effective treatment for DM1. Such molecules may, in addition to CUGexp RNA, target other yet-unidentified cellular components critical for DM1 pathogenesis. Interestingly, the most recent report from the Brook laboratory indicates that targeting protein kinases with small molecules results in alleviation of molecular hallmarks of DM1.[@R34] This was correlated with the disappearance of nuclear CUGexp RNA foci without degradation of the mutant transcripts or their translocation to the cytoplasm.

Herein, we describe the use of two small molecule ATP site-directed kinase inhibitors: the imidazolo-oxindole inhibitor C16 (6,8-Dihydro-8-\[1H-imidazol-5-ylmethylene\]-7H-pyrrolo \[2,3-g\]benzothiazol-7-one)[@R35] and the pyrimidine-based inhibitor C51 (N-\[2-{1H-indol-3-yl}ethyl\]-4-\[2-methyl-1H-indol-3-yl\] pyrimidin-2-amine).[@R36] Previous studies have identified these two compounds as protein kinase R (PKR) inhibitors; however, these chemicals can also exert activity against other targets because ATP-binding sites are abundant in the kinome. C16 activity against kinases other than PKR has been reported,[@R37] yet C51 has not been characterized in this manner. C16 exhibits neuroprotective properties in various systems,[@R37]^--^[@R41] including cultured mouse neurons lacking PKR, indicating that the kinase may not be its only target. The neuroprotection provided by C16 has been shown to result from inhibiting certain CDKs, including cyclin-dependent kinase 1 (CDK1), 2 (CDK2), and 5 (CDK5) as well as glycogen synthase kinases GSK3α and GSK3β. In contrast, C16 has no major in vitro inhibitory effect on pro-apoptotic kinases, including c-Jun N-terminal kinases, stress-activated protein kinases (SAPKs or p38 MAP kinases), and the death-associated protein kinases (DAPKs), or other kinases, such as mitogen-activated protein kinases 1 (MKK1), 6 (MKK6), and 7 (MKK7) and c-Raf.[@R37]

In this study, we cultured human myoblasts and fibroblasts treated with either C16 or C51 and demonstrated the mitigation of major molecular hallmarks of DM1, which included downregulation of CUGBP1 steady-state levels, a reduction of the size and number of foci containing expanded CUG repeat transcripts, and consequent improvement of the aberrant splicing of several pre-mRNAs dysregulated in DM1. Earlier studies indicated that C16 and C51 act as ATP-site specific PKR inhibitors, which suggests PKR as a therapeutic target for DM1. However, the results of prior genetic studies of the cross between the expanded CUG repeat expressing *HSA*LR DM1 mouse model with PKR kinase domain mutant mice showed no improvement in DM1 pathogenesis, implying that this kinase is not required for development of the disease symptoms in the transgenic DM1 mouse model.[@R5] Thus, it is likely that C16 and C51 act via other kinases to mitigate the molecular phenotype of DM1 and the possible molecular mechanism of their action is discussed.

Results
=======

Treatment with C16 and C51 diminishes steady-state levels of CUGBP1 and corrects aberrant splicing of its pre-mRNA targets
--------------------------------------------------------------------------------------------------------------------------

To determine if C16 and C51 ATP site-directed kinase inhibitors ([Fig. 1](#F1){ref-type="fig"}) can affect the steady-state levels of CUGBP1, which is known to be upregulated by the DM1 mutation,[@R3]^,^[@R18]^,^[@R42] human myoblasts derived from DM1 patients were grown in the presence of either the compounds or vehicle alone (DMSO), and CUGBP1 expression levels were analyzed by western blot. As shown in [Figure 2A and B](#F2){ref-type="fig"}, DM1 cells responded to treatment with either C16 or C51 by downregulating CUGBP1 expression, which was dose-dependent. C16 had a stronger impact on reducing the protein levels than C51, and this effect was observed at lower doses of the compound. In DM1 human myoblasts, the steady-state expression levels of CUGBP1 after the treatment with DMSO solvent were similar to those of untreated cells ([Fig. S1A](#SUP1){ref-type="supplementary-material"}). C16 and C51 are likely to act on a post-transcriptional level to cause CUGBP1 protein downregulation because treatment with the compounds did not affect *CUGBP1* transcript levels ([Fig. 2C](#F2){ref-type="fig"}).

![**Figure 1.** Structures of C16 and C51 small molecule compounds.](rna-11-742-g1){#F1}

![**Figure 2.** Treatment with C16 and C51 affects steady-state levels of CUGBP1 protein. (**A and B**) western blot analyses of CUGBP1 protein in lysates from two different human DM1 myoblasts (Line 1 and 2) grown either with or without C16 and C51 at the indicated concentrations. Treatment with C16 and C51 led to a dose-dependent downregulation of CUGBP1 steady-state levels in DM1 cells. Equal protein loading was determined by immunoblotting for two reference controls, GAPDH and α-Tubulin, to assure that the drugs affected CUGBP1 rather than any reference protein. The bar graph shows the levels of CUGBP1 as determined in independent experiments relative to α-Tubulin. The data are expressed as the mean (± SEM) of triplicate experiments. For more data on the CUGBP1 levels, please refer to [Figure S1](#SUP1){ref-type="supplementary-material"}. (**C**) Semiquantitative RT-PCR analyses of CUGBP1 mRNA levels in human DM1 myoblasts grown either with or without C16 and C51 at the indicated concentrations. These treatments had no effect on *CUGBP1* transcript levels. \*, *P* \< 0.01; \*\*, *P* \< 0.001 for treated vs. untreated samples.](rna-11-742-g2){#F2}

We aimed to determine if the treatment that affected CUGBP1 protein expression caused any changes in the splicing pattern of CUGBP1-regulated pre-mRNAs.[@R43] For this purpose we pre-selected a subset of genes (*CAPZB*, *SORBS1*, *ATP2B1*, *ABLIM1*, *MTMR3*, *ERBB2IP*, *SGT2*, *KIDINS220*, *R3HDM2*, *CTAGE5*, and *ITGA6*) that are mis-spliced in DM1 cells.[@R43]^,^[@R44] As the majority of them expressed only one alternative splicing product in human myoblasts, measuring any changes with these genes was not feasible. Because of this, we chose *MTMR3* and *ITGA6*, which express two alternative splicing isoforms (both alternative exon inclusion and exclusion). As shown in [Figure 3A](#F3){ref-type="fig"}, the splicing pattern of the two pre-mRNAs was not improved in DM1 cells upon treatment with C16 and C51. This may indicate that downregulation of CUGBP1 by the two compounds was insufficient to trigger a splicing transition of the *MTMR3* and *ITGA6* pre-mRNAs. Thus, DM1 myoblasts were transfected with siRNA against mRNA of *CUGBP1* (siCUGBP1) followed by treatment with C16 and C51. As depicted in [Figure 3B](#F3){ref-type="fig"}, downregulation of *CUGBP1* mRNA to approximately 25% after siRNA treatment alone did not affect the alternative-splicing pattern of the two pre-mRNAs compared with untreated cells. Interestingly, when siRNA-treated DM1 cells were then treated with C16 and C51, we observed a dose-dependent correction of aberrant splicing of *ITGA6* and *MTMR3* pre-mRNAs. No changes in the splicing pattern were observed in cells treated with control siRNA (Block-it). Since these results indicated that the ability of C16 and C51 to correct aberrant splicing might be sensitive to the expression levels of CUGBP1 protein we tested the effectiveness of the compounds in HepG2 and HEK293 non-DM1 cells that vary in CUGBP1 protein levels ([Fig. S1B](#SUP1){ref-type="supplementary-material"}).[@R45] In HepG2 cells, CUGBP1 is expressed at significantly lower levels than in HEK293 and in DM1 myoblasts. As shown in [Figure 3C](#F3){ref-type="fig"}, HepG2 and HEK293 cells express the DM1-specific splicing pattern of several pre-mRNAs including *CAPZB*, *SORBS1*, *MTMR3,*and*KIDINS220*. Importantly, treatment with C16 or C51 resulted in correction of some of the mis-splicing events and HepG2 cells were more susceptible for changes than HEK293. Of note, is the fact that C16, which we found more effective in diminishing CUGBP1 protein levels in DM1 myoblasts, was a stronger splicing modifier in HepG2 cells and its effect was dose dependent ([Fig. 3C](#F3){ref-type="fig"}). These results indicate that treatment with the compounds may be efficacious when tested in vivo in skeletal muscles that express CUGBP1 protein at levels that resemble the expression profile of HepG2 cells rather than that of cultured myoblasts or fibroblasts.

![**Figure 3.** Correction of aberrant CUGBP1-dependent alternative splicing after C16 and C51 treatment is sensitive to CUGBP1 steady-state levels. (**A and B**) Splicing analyses of *ITGA6* and *MTMR3* pre-mRNAs in human DM1 myoblasts; no changes in the splicing pattern were observed after treatment with C16 and C51 alone (**A**); siRNA downregulation of *CUGBP1* mRNA prior to compounds treatment led to an improvement of the *ITGA6* and *MTMR3* pre-mRNAs splicing patterns as indicated by increased expression of the normal splicing isoforms (**B**). (**C**) Representative agarose gel analysis of RT-PCR products of endogenous *MTMR3, SORBS1, KIDINS220,* and *CAPZB* pre-mRNA splicing patterns in HepG2 and HEK293 cells. DM1-specific splicing aberrations were more susceptible for changes after the drugs treatment in HepG2 cells in which CUGBP1 expression levels are significantly lower than that of HEK293. \*, *P* \< 0.01; \*\*, *P* \< 0.001 for treated vs. untreated samples.](rna-11-742-g3){#F3}

In summary, these results demonstrate that C16 and C51 correct a molecular defect in DM1 cells by decreasing CUGBP1 steady-state levels and indicate that their ability to improve aberrant alternative splicing of CUGBP1-regulated targets is sensitive to the intracellular expression levels of CUGBP1 protein.

Treatment with C16 and C51 diminishes nuclear CUGRNA inclusions
---------------------------------------------------------------

To further define if C16 and C51 affect nuclear CUGexp RNA foci (another molecular hallmark of DM1 cells),[@R5]^,^[@R46] we analyzed the foci number and their size in human myoblasts and fibroblasts derived from DM1 patients. RNA fluorescence in situ hybridization (FISH) was employed to visualize the CUGexp inclusions. As shown in [Figure 4A--D](#F4){ref-type="fig"}, C16 and C51 affect the CUGexp RNA foci to a varying degree by diminishing their abundance compared with untreated and DMSO-treated cells. However, the inhibitors did not eliminate the inclusions. Similar results were obtained by analyzing DM1 fibroblasts that underwent the same inhibitor treatments ([Fig. S2A and B](#SUP1){ref-type="supplementary-material"}).

![**Figure 4.** C16 and C51 affect nuclear CUGexp RNA foci in DM1 myoblasts. (**A and C**) Representative RNA-FISH confocal images of cultured human DM1 myoblasts: untreated or treated with DMSO (0.2%), C16 (1.0 μM), and C51 (30 μM). Treatment with either C16 or C51 resulted in a significant reduction of the size and number of nuclear CUGexp RNA foci, whereas DMSO had no effect. Nuclei were stained with DAPI (blue); CUG RNA foci are indicated by red fluorescence. Scale bar, 2 μm (**A**) and 10 μm (**C**). For more images of nuclear CUGexp RNA foci in human DM1 cells, please refer to [Figure S2A and B](#SUP1){ref-type="supplementary-material"}. (**B and D**) Quantitative analyses of the area and number of CUGexp RNA foci in DM1 cells that were either untreated or incubated with the indicated compounds. (**E**) qRT-PCR for *DMPK* transcripts in DM1 myoblasts treated with the indicated concentrations of C16 and C51. Expression was normalized to *GAPDH* mRNA. *DMPK* was downregulated upon treatment with C51, whereas no significant changes were detected in C16- treated cells. The bar graphs represent the mean ± SEM of different DM1 cell lines (three pulled for C16 and two for C51). For the results of the *DMPK* mRNA in DM1 myoblasts treated with DMSO, please refer to [Figure S2C](#SUP1){ref-type="supplementary-material"}. \*, *P* \< 0.01; \*\*, *P* \< 0.001 for treated vs. untreated samples.](rna-11-742-g4){#F4}

The decreased size and number of CUGexp RNA foci suggested that C16 and C51 affect the expression of *DMPK* transcripts. Thus, we used quantitative real-time RT-PCR (qRT-PCR) to analyze the steady-state levels of *DMPK* mRNA in DM1 myoblasts that were treated with the compounds. As depicted in [Figure 4E](#F4){ref-type="fig"}, only C51 affected *DMPK* expression. After treatment with 30 μM C51, the total *DMPK* mRNA levels were downregulated by 37% in DM1 myoblasts compared with untreated cells (*P* \< 0.001). Neither lower doses of C51 (2.0 μM) nor C16 (0.1 μM and 1.0 μM) caused any changes in the *DMPK* expression levels. The cells treated with DMSO solvent alone showed no changes in the transcript expression levels ([Fig. S2C](#SUP1){ref-type="supplementary-material"}).

Taken together, these results demonstrate that both C16 and C51 affect the abundance of ribonuclear CUGexp aggregates; however, only C51 was able to downregulate the number of *DMPK* transcripts.

Treatment with C16 and C51 affects colocalization of MBNL1 with CUGexp RNA Foci
-------------------------------------------------------------------------------

Next, we analyzed if the treatment with C16 and C51 affects MBNL1, another splicing factor involved in DM1 pathogenesis. We performed a combined RNA CUG repeat-specific FISH and MBNL1-specific immunofluorescence analysis on human DM1 myoblasts and fibroblasts that were either untreated or treated with the compounds to determine the intracellular localization of MBNL1 known to be immobilized in nuclear CUGexp RNA inclusions.[@R5]^,^[@R47] As shown in [Figure 5](#F5){ref-type="fig"} and [Figure S3A and B](#SUP1){ref-type="supplementary-material"} in untreated and DMSO-treated cells, MBNL1 co-localizes with nuclear RNA CUGexp foci and is detected predominantly in the inclusions. After treatment with either C16 or C51, we observed a displacement of MBNL1 from faint ribonuclear inclusions and its redistribution within the cell. In some of the larger foci, we detected immunofluorescence signals of MBNL1, indicating that this protein was not entirely dislodged from the RNA nuclear inclusions after treatment with either compound.

![**Figure 5.** Treatment with C16 and C51 affects colocalization of MBNL1 with CUG RNA foci. Representative confocal images of RNA-FISH/IF of cultured human DM1 myoblasts that were either untreated or treated with DMSO (0.01%), C16 (0.5 μM), and C51 (30 μM). Treatment with C16 and C51 resulted in the dislodging of MBNL1 from faint nuclear CUGexp RNA foci and redistribution within the cells; DMSO had no such effect. Nuclei were stained with DAPI (blue); the CUGexp RNA foci are indicated by red fluorescence and MBNL1 by green fluorescence. Scale bar, 10 μm. For more images of RNA-FISH and MBNL1 immunofluorescence in DM1 fibroblasts, please refer to [Figure S3A and B](#SUP1){ref-type="supplementary-material"}.](rna-11-742-g5){#F5}

Based on this result, we sought to determine if disruption of the MBNL1/CUG repeat RNA complexes results from the binding of C16 and C51 to the repeats. Thus, we performed a filter binding assay (FBA) to measure the binding affinity of recombinant MBNL1 to synthetic (CUG)35 oligonucleotides in the presence of C16 and C51. The assay showed a lack of inhibitory potential of the compounds, even at high concentrations, on the in vitro interaction between the (CUG)35 hairpin RNA and MBNL1 ([Fig. S3D](#SUP1){ref-type="supplementary-material"}). This result suggests that freeing MBNL1 from CUGexp RNA inclusions observed in situ after C16 and C51 treatment may be caused by a mechanism independent of the direct interaction between the compounds and either CUGexp RNA or MBNL1.

To conclude, colocalization of MBNL1 with mutant *DMPK* RNA is diminished after treatment with C16 and C51; however, this effect is not caused by the inhibitory binding of the compounds to either CUG repeat RNA or MBNL1.

Correction of MBNL1 regulated alternative splicing in DM1 cells upon C16 and C51 treatment
------------------------------------------------------------------------------------------

We sought to determine if the treatment that abolished CUGexp foci formation and sequestration of MBNL1 affects the alternative splicing of MBNL1-regulated pre-mRNAs that have been reported to be aberrantly spliced in human DM1 cells.[@R9]^,^[@R27]^,^[@R48] For this, we tested the splicing pattern of endogenous *SERCA1* exon 22 (*SERCA1*+E22), *LDB3* exon 7 (*LDB3*+E7), *MBNL1* exon 7 (*MBNL1*+E7), and *DMD* exon 78 (*DMD*+E78) by RT-PCR in proliferating human myoblasts. The splicing analyses were performed at different C16 and C51 concentrations to determine their dose-dependent effect on the aberrant splicing of tested pre-mRNAs (i.e., if they can increase the fraction of adult splicing isoforms and decrease the fetal isoforms). DM1 cells treated with either of the compounds but not DMSO alone showed a significant correction of aberrant splicing of all tested pre-mRNAs ([Fig. 6A and B](#F6){ref-type="fig"}; [Fig. S4A and B](#SUP1){ref-type="supplementary-material"}). The magnitude of this correction varied among the pre-mRNAs and was dose-dependent. In C16-treated cells, a reversal of the mis-splicing was detectable at 0.1 μM and increased with the compound concentration, with the most pronounced correction observed at the highest dose of C16 used (1.0 μM). In C51-treated cells, splicing alterations were not observed with lower doses of the compound (\< 30 μM), but significant improvements in *SERCA1*+E22 and *LDB3*+E7 pre-mRNAs splicing patterns were detected at concentrations of C51 ≥ 30 μM, and no changes in *DMD*+E78 alternative splicing were observed with this treatment ([Fig. 6A and B](#F6){ref-type="fig"}). Cells treated with equivalent concentrations of DMSO showed no effect on the splicing pattern ([Fig. S4B](#SUP1){ref-type="supplementary-material"}).

![**Figure 6.** Correction of aberrant MBNL1-dependent alternative splicing in DM1 cells after C16 and C51 treatment. (**A and B**) Representative agarose gel analysis of RT-PCR products of different splicing isoforms of several pre-mRNAs of *DMD, SERCA1*, *MBNL1*, and *LDB3* in DM1 cells. The levels of the splicing variants of the pre-mRNAs were assessed by RT-PCR. DM1-specific splicing aberrations were corrected after treatment with either C16 or C51, the effects of which were dose-dependent. The experiments were performed in triplicate and quantitative results are shown as bar diagrams. The fraction of exon inclusion or exclusion (± SEM) was calculated by dividing the quantified signal of the PCR product band corresponding to the DM1-specific splice product by the total intensity of both splice products. Exon inclusion (+E); exon exclusion (-E). \*, *P* \< 0.01; \*\*, *P* \< 0.001. For more data on mis-splicing correction in DM1 cells, please refer to [Figure S4A and B](#SUP1){ref-type="supplementary-material"}.](rna-11-742-g6){#F6}

We also tested if C16 and C51 can rescue aberrant DM1-specific splicing in differentiated DM1 myoblasts and DM1 fibroblasts. As shown in [Figure S4A](#SUP1){ref-type="supplementary-material"}, differentiated DM1 myoblasts with aberrant splicing patterns of *SERCA1*+E22, *DMD*+E78, *LDB3*+E7, and *MBNL1*+E7 responded to C16 and C51 by increasing the percentage of the adult isoforms with a corresponding decrease of the fetal isoforms. In C16-treated cells, the splicing correction was observed at both concentrations used, but the effect was more pronounced at 0.5 μM. Similarly, a correction of aberrant splicing was detected in C16-treated DM1 fibroblasts, in which three transcripts that were tested showed a dose-dependent improvement exhibited by the significant increase of adult isoforms of the *SERCA1*+E22, *MBNL1*+E7, and *DMD*+E78 splicing variants ([Fig. S4A](#SUP1){ref-type="supplementary-material"}). In control fibroblasts and myoblasts, C16 and C51 caused no splicing alterations, and the different human cell lines expressing the normal length of CUG repeat in the *DMPK* gene had no splicing changes of *SERCA1*+E22, *LDB3*+E7, and *DMD*+E78 after treatment with the compounds ([Fig. S4C](#SUP1){ref-type="supplementary-material"}).

We also determined whether C16 and C51 affected the splicing pattern of genes that are MBNL1-and CUGBP1-independent. We tested several pre-mRNAs regulated by NOVA1 (*MAP4K4* and *APLP2* mRNAs), PTBP1 (*HMGCS1*), PTBP2 (*PPP3CB* and *CAPN3*), and FOX2 (*ECT2* and *TSC2*),[@R49]^,^[@R50] in treated DM1 myoblasts. As shown in [Figure S4D](#SUP1){ref-type="supplementary-material"}, no significant changes in the expression of alternative splicing patterns of the splice isoforms were observed after treatment with either compound compared with untreated cells, with the exception of the *PPP3CB* pre-mRNA. The splicing pattern of *PPP3CB* exon 13 showed the compounds dose-dependent changes detected by a decrease of expression of the isoform with the exon and this effect was more pronounced after the treatment with C16 than with C51.

Taken together, these results suggest that treatment with C16 and C51 could correct the aberrant splicing of MBNL1-dependent pre-mRNAs in DM1 cells without affecting the splicing pattern in normal non-DM1 cells. Importantly, these treatments had no effect on a subset of pre-mRNAs that are not regulated by CUGBP1 and MBNL1 splicing factors.

Discussion
==========

Herein, we show evidence on the alleviation of DM1 molecular phenotypes associated with RNA containing expanded CUG repeats by the treatment of human DM1 myoblasts and fibroblasts with two small molecule compounds, the imidazolo-oxindole inhibitor C16 and the pyrimidine-based inhibitor C51. These compounds were previously identified as ATP-binding site-specific inhibitors and shown to block phosphorylation of PKR and other kinases.[@R35]^--^[@R37] Our results indicate that C16 and C51 (or their derivatives) may have therapeutic potential in patients with DM1. Treatment with the compounds resulted in a redistribution of MBNL1 protein sequestered in CUGexp RNA foci and in a decrease of the steady-state levels of CUGBP1. These actions were correlated with correction of aberrant alternative splicing of MBNL1-dependent (*SERCA1*, *DMD*, *MBNL1*, *LDB3*) and CUGBP1-dependent (*ITGA6, MTMR3,*and*SORBS1*) pre-mRNA targets, shifting the patterns typical for DM1 cells to be more like those observed in non-DM cells. However, while the compounds caused the nuclear CUGexp RNA foci to become less abundant, as determined by in situ RNA hybridization and immunocytochemistry for MBNL1 protein, they did not prevent the formation of complexes of recombinant MBNL1 and synthetic (CUG)~35~ oligonucleotides as determined in vitro by the filter binding assay. Importantly, C16 and C51 did not affect *DMPK* mRNA levels, except for the highest concentrations of C51 used, which indicates that the mutant *DMPK* transcripts were rather dispersed within the nucleus after the compounds' treatment without being degraded or released to the cytoplasm.

Thus far, several approaches have been used to develop DM1 therapeutics. The vast majority of them have focused on molecules that are CUG repeat binders and are able to inhibit the interactions between expanded CUG RNA and MBNL1 protein (reviewed in ref. [@R21]). Given that the mechanism of RNA gain-of-function in DM1 remains elusive, and the complete list of factors affected by the toxic RNA needs to be determined, it is reasonable to examine novel candidate therapeutics that, in addition to CUGexp RNAs, could target other cellular components. Identification of such molecules has lately been described by Ketley A, et al.,[@R34] who screened several libraries of small molecule compounds, including phosphatase and kinase inhibitors, using a medium-throughput phenotypic assay. Based on the identification of nuclear foci in DM1 cells using in situ hybridization and high-content imaging, the authors identified two compounds, chromomycin A3 and Ro 31-8220, of potential therapeutic benefit in DM1. Both compounds eliminate nuclear CUGexp RNA foci, reduce MBNL1 protein in the nucleus, affect *ATP2B1* alternative splicing, and decrease steady-state levels of CELF1 protein. Interestingly, Ro 31-8220 has previously been identified as a PKC inhibitor and shown to affect the hyperphosphorylation of CELF1 and ameliorate the cardiac phenotype in a DM1 mouse model.[@R19] However, studies by Ketley A, et al. demonstrate that Ro 31-8220 acts independently of PKC on DM1 pathomechanism, suggesting involvement of other kinases. Although the mechanism of the inhibitor action requires further investigation, the compound is likely to work independently of CUG repeat RNA binding.

Nuclear-retained *DMPK* CUGexp RNAs are complexed with MBNL-like proteins and other nuclear proteins and form multiprotein--RNA inclusions ([Fig. 7](#F7){ref-type="fig"}). C16 and C51 kinase inhibitors cause diminishing of such ribonucleoprotein complexes. The mechanism of action of these two small molecular compounds in DM1 cells requires further investigation. Based on our results, their action did not involve binding to RNA containing CUG repeats. Binding to MBNL1 protein also appears unlikely because we did not detect any changes in the splicing pattern in normal fibroblasts and myoblasts after treatment with either compound. It appears possible that C16 and C51 act on the protein phosphorylation level by affecting the activity of various kinases (and thus, their downstream effectors) in the alleviation of DM1 molecular hallmarks. In this scenario, non-specific activation of CUGBP1 kinases reported in DM1 could be inhibited, resulting in reduced stability of CUGBP1 and a decrease in its steady-state levels. Moreover, C16 and C51 could affect activity of Src family kinases, which have recently been shown to bind to MBNL1~42-43~. In this case, lower levels of tyrosine phosphorylated nuclear proteins, including splicing factors, could correct aberrant pre-mRNA splicing. Additionally, modification of the activity of various kinases that affect other proteins could trigger rearrangements within proteins of the CUGexp RNA foci, including their displacement and relocalization within the cell. In such a scenario, MBNL1 would be dislodged from diminishing ribonuclear inclusions as their constituents dissolve. Although the two kinase inhibitors do not seem to bind to CUG repeats or MBNL1, we cannot exclude the possibility that the small molecules load into proteins other than MBNL1, which are bound initially into foci, and the compound--protein complexes affect the loading of MBNL1 and other proteins into the foci. The C51 inhibitor may also work, at least partially, by downregulating mutant *DMPK* expression.

![**Figure 7.** Kinase inhibitors as potential therapeutics for DM1. DM1 molecular phenotype is characterized by formation of nuclear multi-protein CUGexp RNA foci, CUGBP1 protein hyperphosphorylation, and upregulation, as well as aberrant alternative splicing of several pre-mRNAs. These features result, among others, from unspecific activation of various protein kinases in the presence of mutant *DMPK* transcripts. Utilization of small-molecule kinase inhibitors, C16 and C51, causes significant improvements of DM1 phenotype and their mechanism of action do not involve targeting of mutant CUG repeat transcripts.](rna-11-742-g7){#F7}

The latest results by Botta, et al.[@R20] suggest an additional pathomechanism in DM1 based on unspecific activation of Src family kinases. Altered activity of other kinases correlated with DM1 has previously been described by others.[@R15]^--^[@R18] As a support of this notion, a recent report from the Brook laboratory[@R34] indicated that small molecule kinase inhibitor Ro 31-8220 alleviates DM1 molecular hallmarks by eliminating nuclear CUGexp RNA foci and affecting two splicing factors involved in DM1 pathogenesis, MBNL1, and CELF1 proteins. Importantly, similar observations come from our study in which two different kinase inhibitors were tested. Although the specificity of inhibitors used by Brook and ourselves need further investigation, these results underscore the concept that targeting protein kinases may be beneficial in DM1.

Materials and Methods
=====================

Cell culture
------------

Primary human myoblast and fibroblast cultures of unaffected and DM1 patients were used. Normal non-DM1 fibroblast cell lines (GM07492, GM07525, and GM08399) and DM1 patient-derived fibroblasts (GM03987, GM03989, and GM04033) were purchased from Coriell Cell Repositories. These cells, along with human embryonic kidney 293 (HEK293) cells and human hepatoma liver (HepG2) cells, were cultured in MEM medium (Lonza) supplemented with 10% FBS (Sigma), 1% Glutamax (Cellgro, Mediatech Inc.), 1x antibiotic/antimycotic solution (Sigma), and 1x MEM non-essential amino acid solution (Sigma). DM1 myoblast cell lines (9886, \> 200 CTG repeats; 10010, \> 200 CTGs; and 10011, \> 350 CTGs) were used along with sex- and age-matched control non-DM1 myoblasts (10104, 9648, 10701). All muscle cells were cultured in low D-glucose (1.0 g/L) DMEM (Cellgro, Mediatech Inc.) supplemented with 15% FBS, 1x antibiotic/antimycotic solution, 5 μg/ml insulin (Sigma), 0.5 mg/ml BSA (Sigma), 10 ng/ml hEGF (Sigma), and 0.39 μg/ml dexamethasone (Sigma). To trigger myoblast differentiation, growth medium was removed from subconfluent cultures and replaced by DMEM medium supplemented with 0.5% horse serum (Sigma), 1x antibiotic/antimycotic solution, 10 μg/ml insulin, and 10 μg/ml apo-transferrin (Sigma).[@R51]

In vitro treatment with C16 and C51 and siRNA transfection
----------------------------------------------------------

C16 was purchased from Sigma-Aldrich and C51 was synthesized at Weill Cornell's Chemistry Core, and kindly provided by John Griffin and Ruslana Bryk. Both compounds were prepared as 10 mM stock solutions in anhydrous DMSO and stored at 20 °C. Further dilutions were made in sterile 1x PBS immediately prior to cell treatments. For the in vitro experiments, C16 was used at different concentrations based on previously published data (i.e., 0.05, 0.1, 0.2, 0.5, and 1.0 μM),[@R39]^-^[@R41] whereas C51 was used at 2.0, 10, and 30 μM.[@R36] In DMSO-treated cells, the solvent percentage corresponded to its concentration in the diluted active compounds (0.0005, 0.001, 0.002, 0.005, 0.01, and 0.3%). Human cells were counted and seeded at the same density in 6-well plates in complete medium (as described above) with addition of C16, C51, or DSMO. The treatments were conducted for 7 d with media changes occurring every 24 h.

For siRNA transfection, 50 nM of siCUGBP1 duplex (Futuresynthesis) ([Table S3](#SUP1){ref-type="supplementary-material"}) was diluted in serum and antibiotic-free Opti-MEM (Invitrogen) and mixed with Lipofectamine 2000 (Invitrogen) according to manufacturer's protocol. The mixture was added to the cells grown in a 6-well plate and incubated at 37 °C for 4 h. Fluorescent control siRNAs (Block-it Fluorescent Oligo, Invitrogen) were used to monitor transfection efficiency. At 72 h post-transfection, either C16 or C51 was added to the cell media, and growth was monitored for an additional 72 h.

RNA FISH and immunostaining
---------------------------

RNA FISH/IF was performed in DM1 cultured human myoblasts and fibroblasts as previously described.[@R52] For details, please see Supplementary Material. To characterize the nuclear RNA foci, approximately 100 cells were selected at random from each treatment group. The same exposure was set up for all groups of images from a single experiment, and a z-stack sufficient to cover all of the foci in the nucleus was acquired for each cell with a slice thickness of 1 μm using either PL-Apo 63X or 100X/1.4 oil objective in conjunction with a cooled AxioCam HRc camera; images in one stack were overlaid and saved as TIFF files. Determination of the CUG RNA nuclear foci number was performed manually whereas quantitative analysis of the foci area (measured as squared pixels) was performed with ImageJ software (NIH) and analyzed using Microsoft Excel. All images were taken at the Electron and Confocal Microscopy Core at Adam Mickiewicz University (Poznan).

Western blotting
----------------

Cell protein extracts were prepared in 1xPB homogenate buffer (60 mM Tris-HCl, 2% SDS, 10% sucrose, 2 mM PMSF) and the protein concentration was measured by a NanoDrop spectrophotometer. Approximately 10--20 μg of protein lysates were separated on 12% SDS-PAGE and transferred onto nitrocellulose membranes (Sigma). Non-specific binding was blocked with 5% non-fat milk in TBS containing 0.1% Tween-20 (TBST) for 1 h at room temperature, and blots were incubated overnight at 4 °C with the following primary antibodies: anti-CUGBP1 (3B1) (Santa Cruz Biotechnology), anti-GAPDH (Millipore), and anti-α-Tubulin (Covance). After the overnight treatment, the membranes were washed in TBST and then incubated with secondary HRP-conjugated antibody. After several washes, immunoreactive bands were visualized using the WesternBright Quantum detection kit (Advansta Corp.).

RT-PCR analysis of aberrant alternative splicing pattern and quantitative real-time RT-PCR
------------------------------------------------------------------------------------------

Total RNA was extracted from cells with TRIzol reagent (Sigma) according to the manufacturer's protocol. RNA concentration was measured with a NanoDrop spectrophotometer, and approximately 1 μg of RNA was reverse-transcribed with random primers (Promega) using SuperScript III reverse transcriptase (Invitrogen) according to the manufacturer's instructions. All cDNAs were diluted 3-fold with water prior to PCR. GoTaq Flexi DNA Polymerase (Promega) and 0.1 mM dNTP mix, 1.5 mM MgCl2, and 0.8 μM of each primer were used for the RT-PCR assays. For specifics on the primers and PCR conditions used to determine the splicing products, please refer to [Table S1](#SUP1){ref-type="supplementary-material"}. The PCR amplification products were separated on a 1.8% agarose gel in 0.5xTBE buffer, stained with 0.5 μg/ml ethidium bromide, and quantified using Gel-Pro 3.1 software. Each cDNA sample was assayed in at least three independent RT-PCR reactions. The fractions of the alternative splicing isoforms were calculated by dividing the intensity of the PCR product band corresponding to the DM1-specific splicing variant by the total intensity of both splicing forms, i.e., normal and DM1-specific.

SYBR Green RT-PCR analysis of *DMPK* expression was performed according to the manufacturer's recommendations (Applied Biosystems) using a LightCycler®480 SW1.5.1 real-time PCR system (Roche). RT-PCR was performed at an annealing temperature of 60 °C for 45 cycles with the primers shown in [Table S2](#SUP1){ref-type="supplementary-material"}. Each sample was assayed in three independent RT-PCR reactions, and the data were normalized to the level of *GAPDH* mRNA.

Statistical analysis
--------------------

All of the experiments were performed at least three times, and the representative results are shown. The data are presented as the mean ± SEM for experiments involving untreated and C16- and C51-treated cells. Statistical significance was determined by two-tailed the Student *t* test, and *P* values of \< 0.01 or \< 0.001 (depicted in figures as \* or \*\*, respectively) were considered to be statistically significant.
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DM1

:   myotonic dystrophy type 1

DMPK

:   dystrophia myotonica protein kinase

FISH

:   fluorescence in situ hybridization

IF

:   immunofluorescence

CUGBP1

:   CUG repeat-binding protein

ATP

:   Adenosine-5′-triphosphate

PKR

:   protein kinase R

DMSO

:   dimethyl sulfoxide

SERCA1 (ATP2A1)

:   sarcoplasmic/endoplasmic reticulum calcium ATPase 1

MBNL1

:   muscleblind-like 1 protein

CUGexp RNA

:   mutant CUG repeat transcript

GAPDH

:   glyceraldehyde 3-phosphate dehydrogenase

qRT-PCR

:   quantitative real time RT-PCR

LNA

:   locked nucleic acids

LDB3

:   LIM domain-binding protein 3

DMD

:   dystrophin

ITGA6

:   Integrin alpha-6

MTMR3

:   myotubularin-related protein 3

CAPZB

:   capping protein (actin filament) muscle Z-Line, beta

SORBS1

:   sorbin and SH3 domain containing 1

ATP2B1

:   ATPase, Ca++ Transporting, Plasma Membrane 1

ABLIM1

:   actin binding LIM protein 1

ERBB2IP

:   erbb2 interacting protein

SGT2

:   small glutamine-rich tetratricopeptide repeat (TPR)-containing, beta

KIDINS220

:   kinase D-interacting substrate, 220 kDa

R3HDM2

:   R3H domain containing 2

CTAGE5

:   CTAGE family, member 5

MAP4K4

:   mitogen-activated protein kinase kinase kinase kinase 4

APLP2

:   amyloid beta (A4) precursor-like protein 2

HMGCS1

:   3-hydroxy-3-methylglutaryl-CoA synthase 1

38 PPP3CB

:   protein phosphatase 3, catalytic subunit, beta isozyme

CAPN3

:   calpain 3, (p94)

ECT2

:   epithelial cell transforming sequence 2 oncogene

TSC2

:   tuberous sclerosis 2
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